Abstract. In this paper we report a short description of the BOOMERANG experiment explaining his scientific goal and the technologies implied. We concentrate then on the analysis of the noise properties discussing in particular the scan synchronous noise. Finally we present the calibration technique and the sensitivity of all the channels.
INTRODUCTION
BOOMERANG is a telescope devoted to the detection of structures in the Cosmic Microwave Background (CMB) radiation. The measure of structures in the primordial plasma (anisotropies in the CMB radiation, see [1] for a complete review) was the main goal of the recent observations in cosmology because gives information on the initial conditions that gave rise to the observed Universe. Moreover gives us the capability to tune the cosmological theories measuring the cosmological parameters [2] , strongly correlated to the angular power spectrum of the CMB anisotropies (the statistical distribution of the size and the amplitude of the features in the CMB).
The CMB is observed now as Black Body emission at T = 2.726 ± 0.005 [3] which peaks in the microwave frequencies (80 to 250 GHz). The level of the expected fluctuation is of the order of AJ/r < 10~5, so a good experiment has to be able to detect temperature fluctuations of the order of 30 j*K.
The angular dimensions of the most interesting features goes from a few degrees to a few arcminutes. Fluctuations in this angular range are expected to produce the maximum signal.
THE INSTRUMENT
Given those requirements BOOMERANG and other recent experiments have been developed with great care to make them reliable and to control systematics effects. BOOMERANG [4, 5] succeeded in providing maps of the CMB radiation and the corresponding angular power spectrum with a high signal to noise ratio [6, 7] .
The telescope uses 16 bolometric detectors made by a micromesh absorber with an indium bump-bonded NTD 10,0 FIGURE 1. Typical power spectrum of the data and of the expected anisotropies for a BOOMERANG channel. The power spectral density of the data is plotted in thermodynamic temperature fluctuations of a 2.73 K blackbody.
Germanium thermistor [8] cooled at 280/^K by a long duration cryogenic system [9, 10] . The microwave frequencies are selected by band pass filters peaked at 90, 150, 240, 410 GHz (with -20% FWHM bandwidth) to map the CMB and to monitor spurious signals from the optics, the residual atmosphere and the galactic foregrounds.
Through the telescope each detector observes the sky in a proper direction. The full payload scans in azimuth with a smoothed triangular waveform (60 degrees peak to peak) so that each detector scans the sky. This movement, combined with the natural sky rotation during the day, determines the sky coverage.
During the scans structures in the sky are converted in temporal frequencies in the signal: anisotropies with a given multipole number are converted in signals with a corresponding electrical frequency in the 1-10 Hz range. The scan speed and the elevation angle, together with the noise and the frequency response of the detectors determine the angular range of sensitivity and the corresponding range in multipole numbers.
The elevation angle ranged during the flight between 40° and 50°. The scan speeds we used ware of 1 and 2°s~1. The choice different scan modes and elevations was one of the several ways to allow control of systematic effects.
NOISE PROPERTIES
In figure 1 we report the power spectrum of the noise of a BOOMERANG channel (150A) for 1 °s~L (continuum line) and 2 °s 1 (dashed line). In the same figure the expected angular power spectrum for a typical cosmological model is reported (dot-dashed line). The multipole moment scale on the top corresponds to the frequencies scale on the bottom in the case of 1 °s~1 scan speed and 45° of elevation. Comparing the noise power spectrum with the angular power spectrum makes evident how the noise characteristics of the detector are tuned to detect the expected CMB signal. The flat zone of minimum noise is between 0.4 and 3 Hz and the first three peaks in the angular power spectrum is of CMB anisotropies produce signal in the range 0.4-1.5 Hz. The level of this white noise for all the channels is reported in table 1 as Noise Equivalent Temperature (NET), together with other performances. The I// noise knee is at 0.2 Hz, corresponding to an angle in sky of 5 degrees. The rise in the Noise Equivalent Temperature at high frequencies is due to a decrease in sensitivity of the detectors where the transfer function starts to decrease. In fact high frequencies are cut off when the time scale starts to be comparable to the time constant of the detector. This rise in the noise corresponds to angles in the sky of the order of less than 0.1°, smaller than the size of the telescope beam.
The BOOMERANG readout electronics has a major role in the quality of the noise performance achieved. Each bolometer is AC biased with a differential smoothed square wave at ~ 500 Hz. The bias voltage is modulated by the high bolometer impedance to be measured. The signal goes trough a cold J-FETs pair to reduce its impedance and [6] and four channels (150A, 150A1, 150A2, 150B2) were used in the latest analysis [7] . 150B was excluded due to the non stationary noise properties, 150B1 because didn't pass the jack-knife test for internal symmetry. The 90 GHz and the 240 GHz channels will soon be fully analyzed. The 410 GHz channels doesn't contain cosmological information but have been used for dust contamination analysis [11] . The NET is computed at 1 Hz. NET data of the 410 GHz channels are missing because a reliable in-flight calibration for that channels is still in progress. its sensitivity to inductive interferences, is amplified by a room temperature low noise differential pre-amplifier and band-pass filtered to remove out-of-band noise. A phase sensitive detector demodulates the signal synchronously with the bias, thus removing any offset and reducing the noise. Subsequent high-pass and low-pass filters get rid of residual I// and high frequency noise. The use of AC modulation and demodulation technique reduces I// noise due to drifts in the bias amplitude, amplifier gain and heath sink temperature. The bias frequency has been selected in order to avoid beating with microphonic frequencies, thus reducing undesired lines in the noise power spectrum.
Low frequency noise and calibration
The noise power spectrum in the 2°s~1 scan mode has two peaks at the scan frequency and at the first harmonic, evidence for a strong component of Scan-Synchronous Noise (SNN). Those frequencies are well below the frequencies of interest for the sub-degree CMB anisotropy which is the target of this observation. Nevertheless is very important to have a reliable detection of the cosmic dipole signal (well known from COBE/DMR measurements [12] ) for calibration. The cosmic dipole signal appears as a large scale linear gradient in the sky region observed and is converted into a signal at exactly the scan frequency by the telescope azimuthal movement.
The effect of the scan synchronous noise is clearly shown and compared to the expected dipole signal in time domain in figure 2 . The source of this noise shouldn't be in the sky, because the sky signal doesn't change between fast and slow scan modes. It is probably a systematic effect in the instrument, more effective when the payload moves faster. The gyroscopes don't show significant different pendulations in the two scan modes, excluding the possibility of a signal in the sky excited by larger pendulations. Defining a as the angle in azimuth respect to the center of the scan and binning data from the evaporator thermometer for equal a bins, we detect a tiny coherent evaporator temperature variation in the 2°s~1 scan mode. The same effect is negligible in the l°s~l scan mode (see figure 3) . Thermal effects are thus the first candidates as scan synchronous noise sources.
The calibration of the BOOMERANG telescope [13] is done using the signal from cosmic dipole: low-resolution (l°xl°) maps are created for the two different scan modes separately; these maps are fit to a dipole model giving the Comparison between data (thin line) and dipole simulations (thick light line) for the two different scan modes for the same channel. Data have been low pass filtered in order to display only the low frequency component. The dipole signal expected in each direction of observation has been computed from the COBE-DMR dipole parameters. In the l^" 1 data (lower plot) data copy exactly the simulation, showing a very low component of scan synchronous noise. In the 2°s~1 data, the simulation differs clearly from signal. The discrepancy is due to a strong scan synchronous noise that appears only in the fast scan mode. calibration constants for the channels sensitive to the CMB. Considering that the dipole signal is scan synchronous, any I// noise and in particular scan synchronous spurious signal affects the dipole-based calibration. Anyway we know that in the slow scan mode the effect of scan synchronous noise is negligible (see figure 2) . Even in the fast scan mode the receivers can be calibrated using the dipole signal, considering that the large scan synchronous noise is substantially reduced in the map-making process, because the scan synchronous signal is not exactly sky synchronous. In other words, making a map most of the scan synchronous noise is averaged out, reducing its effect. Moreover, observing that the scan synchronous noise at low frequencies (90, 150 and 240 GHz) is well correlated to the scan synchronous noise in the 410 GHz channels (where the CMB signal is negligible), a 410 GHz map can be used as a template to remove the residual effect, thus producing a reliable dipole-based calibration for the low frequencies channels in the fast scan mode. The same procedure, applied to the l°s~l scan data, gives a correction of the order of 1%. The two calibration constants, at 1 and 2°s~1 differ by 10% and this value is chosen as the calibration uncertainty, which is dominated by systematics. Consistency in the two calibrations provides a check for systematic effects, in particular shows that the results don't suffer for incorrect knowledge of the electronics transfer function at low frequency.
An other systematic effect, not directly related to I// and scan synchronous noise, is the presence in the BOOMERANG maps of faint stripes at nearly constant declination. An equivalent effect is not reproduced in the simulated maps, varies in amplitude and phase between bolometers and is negligible in some of the channels. Several tests have been performed excluding the possibility of a signal in the sky. The effect has been taken into account in the map-making process, filtering it out in Fourier space. The same filter has been applied in any simulated map used in the Monte Carlo Spherical Harmonic Transform technique used to compute the angular power spectrum of anisotropies combining data from different channels [14] .
CONCLUSIONS
The noise properties of the BOOMERANG instrument have been studied in detail before science release. Monitoring the full instrument and redundancy in the experimental setup (multi-frequency observations, different scan-speeds, long integration time) allowed control and understanding of spurious effects, thus giving great confidence in the BOOMERANG results [6, 7, 15, 16, 17] .
